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Abstract
We analyze the resiliency of Massive Multiple-Input Multiple-Output (M-MIMO) systems to Inter-
Symbol Interference (ISI) when diversity combining techniques are used at the Base Station (BS). We
show that Maximum Ratio Combining (MRC) alone can equalize an ISI channel as the number of
antennas grows unbounded. Additional constraints on the nature of the channel must be postulated
depending on whether the information of the Angle-of-Arrival (AoA) is exploited at the receiver or
not. Interestingly, the simpler Equal Gain Combiner (EGC) receiver is also able to equalize the channel
as the number of antennas grows but, in this case, at least one channel path must be Ricean faded.
These findings are confirmed via simulation on WSSUS channels and channels generated with a ray
tracing engine simulating a real BS deployment in downtown Hong Kong and Shanghai. Finally, the
observed scaling law indicates that normalized ISI power decreases N -fold for every N -fold increase
in the number of antennas at the BS.
I. INTRODUCTION
M-MIMO systems use an excess of antennas at the BS to offer multiplexing gains in both the
uplink and downlink and allocate the whole bandwidth to all single-antenna users simultaneously,
while using simple (linear) processing [1]. M-MIMO coherently processes the signals impinging
on the array with receive combining in the uplink to separate the signals of different users, and
then uses transmit precoding to perform fine spatial discrimination in the downlink. M-MIMO
2has received considerable attention in the past decade and 3GPP has included M-MIMO support
in Release 13 (16 antennas) and 14 (32 antennas) for LTE, and release 15 (64 antennas) for
New Radio (NR)/5G [2], [3].
The use of higher frequencies allows deploying larger arrays which can provide gains to
reduce higher path loss and provide multiplexing gains, at the cost of higher cell density and
increased backhauling needs [4], [5]. However, regardless of the frequencies at which it is used,
the degrees of freedom offered by M-MIMO provide robustness to many impairments such as
hardware imperfections, phase noise, non-linearities, quantization errors, noise amplification, and
inter-carrier interference [6]–[8].
Robustness of M-MIMO to ISI, on the other hand, appears to have been a less investigated
topic while recent measurement results seem to indicate that ISI indeed decreases as the number
of antennas grows [9]. If indeed M-MIMO allows for the reduction of ISI not only in the
downlink (transmit beamforming) but also in the uplink (receive combining), then the case for
using multicarrier schemes (ISI mitigation techniques) would be weaker when compared to single
carrier schemes. In fact, although OFDM is an attractive and popular choice for transmission
schemes, it also exhibits several drawbacks such as transmission and power inefficiency, high
peak-to-average ratio, and phase-noise sensitivity at high frequencies [10]–[13]. These drawbacks
may entail a price that is too high to pay if there is no need to equalize the channel because ISI
vanishes anyway as the number of antennas grows. This topic has practical relevance because
the choice of waveform in 3GPP is still open above 60 GHz, while below 60 GHz 3GPP has
already agreed to multicarrier.
In this paper, we address the topic of the robustness of M-MIMO to ISI when the BS
is equipped with linear combining techniques such as MRC or EGC and does not perform
equalization. We show analytically and by computer simulations that ISI decreases asymptotically
to zero as the number of BS antennas grows to infinity. More specifically, if AoA information
is not exploited at the receiver, then it is necessary to operate in a rich scattering environment
and assume Wide-Sense Stationary Uncorrelated Scattering (WSSUS) channels to get vanishing
ISI via linear combining. However, if AoA information is exploited at the receiver, then the rich
scattering assumption is not necessary anymore as it suffices to assume that each observable
path has a different AoA and that the number of paths is smaller than the number of antennas.
Furthermore, we also report that the normalized ISI power decreases N-fold for every N-
fold increase in the number of receive antennas, and that the same asymptotic decrease can be
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3observed also when the receiver is equipped with a simple EGC receiver as long as the multipath
channel has at least one path that is Rice distributed.
II. THE SYSTEM MODEL
We consider here two types of scenarios, one characterized by low scattering and one by
rich scattering, and their associated observation models. The corresponding channel model here
considered is a wideband, time-flat, and frequency-selective SIMO channel model between a
single antenna node and a Base Station equipped with M antennas (Uniform Linear Array ,
ULA). A wideband channel model with spatial structure is derived in Appendix A.
A. Low scattering scenario
We consider here the model in Appendix A for a finite number of paths P . In this case, the
M×1 observation vector at sampling time k is:
y[k] =
L−1∑
n=0
h[n]x[k − n] + n[k] (1)
= Hx[k] + n[k], (2)
where h[n] is the vector in (18) collecting the channel taps at lag n of the ISI channels
experienced by the M BS antennas; H = [h[0], . . . ,h[L − 1]] is the M×L channel matrix;
x[k] = [x[k], . . . , x[k−L+1]]T is the channel state vector collecting the last L transmitted sym-
bols; n[k] is the M×1 noise vector with jointly Gaussian, zero mean, and complex components;
and L is the duration of all equivalent discrete-time ISI channels which are here assumed to be
all the same for simplicity.
B. Rich scattering scenario
For this scenario, the observation model on the m-th diversity branch can be expressed as
(1 ≤ m ≤M):
ym = Hms + nm, (3)
where ym is the vector of (N+Li−1)×1 received samples, s is the N×1 vector of transmitted
symbols, Hm is a (N+L−1)×N random channel matrix with elements that are i.i.d, zero mean,
complex, and Gaussian random variables, and ni is the random noise vector.
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4By stacking vectors and matrices, we can rewrite the observation model (3) as:
y = Hx+ n, (4)
having posed:
y =


y1
y2
...
yM

 , n =


n1
n2
...
nM

 , and H =


H1
H2
...
HM

 . (5)
In the above equation, H is an M(N+L−1)×N matrix, while y and n are M(N+L−1)×1
vectors.
III. MAXIMUM RATIO COMBINER (MRC) FOR FREQUENCY SELECTIVE FADING
The optimal Maximum Likelihood (ML) decision rule for the model in eq. (2) or (4) can be
expressed as follows:
x˜ = argmax
x
{p(x | y)}
= argmin
x
{‖ y −Hx ‖2}
= argmin
x
{xHHHHx− 2xHHHy}. (6)
Equation (6) shows that sequence y is actually irrelevant to optimal detection once the L×1
vector r = HHy is available. Thus, r is a sufficient statistic for ML detection and can be
calculated as follows depending on the considered observation model. For example, using (4)
we obtain:
r(MRC) = HHy
= Ms + v[k], (7)
where M = HHH is the Gramian of H and channel H is defined as in model (2) or (4),
respecitvely. The non-white noise term v = HHn has a covariance matrix equal to Rv =
E{vvH} =Mσ2. This is the classic MRC receiver where HH acts as a spatio-temporal Matched
Filter (MF).
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5IV. EQUAL GAIN COMBINING (EGC)
Another classical combining technique is Equal Gain Combining (EGC), which is a simpler
coherent technique than MRC. In EGC, signals on all diversity branches are co-phased to provide
coherent signal addition but then the same gain is applied to all diversity branches. Thus, in EGC,
channel amplitude estimation is not required.
Using for example model (4), the observation model for the case that all diversity branch
gains are equal to 1/M becomes:
r(EGC) =
1
M
M∑
i=1
yi = Hx+ n, (8)
where the matrix elements {H}k,l = 1M
∑M
i=1{Hi}k,l are the sample means of the channel taps
across antennas.
The observation model in eq. (8) suggests that zero mean channel taps would vanish as M
grows unbounded since, by the law of large numbers, the sample means would converge almost
surely to the actual means.
V. THE EFFECT OF LARGE ARRAYS ON ISI
If the BS is “looking” towards direction αBS, the amount of ISI that the BS would experience
is inversely proportional to the directional selectivity of the receiver antenna array. This can be
quantified by calculating the correlation ζ (M)n between the n-th channel tap across antennas (h[n]
in (2)) and the receive beamforming steering vector a(αBS) (see Appendix A) of the BS in the
direction of angle αBS:
ζ (M)n =
h[n]Ha(αBS)
‖ h[n] ‖‖ a(αBS) ‖
=
∑P
j=1 g
∗
j,na
H(αj)a(αBS)
‖ h[n] ‖‖ a(αBS) ‖ . (9)
As shown in Appendix B, we can prove the following asymptotic result for any tap n under
the assumption that the Angles of Arrival (AoAs) of the multipaths are all different:
lim
M→∞
ζ (M)n =


ck√∑P
i=1 |ci|
2
, if αBS = αk, n = 0
0 , otherwise
. (10)
This result confirms that, when the BS performs receive beamforming in a direction αBS equal
to one of the unique multipath’s AoAs, then only that single path survives yielding an ISI free
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6observation with zero RMS-DS. The result holds regardless of any statistical assumption made
on the paths’ fading coefficients and holds for instantaneous channel vectors.
In some (rare) cases, two or more signal paths may arrive at the BS array with the same AoA
but different delays. If the difference between these same-angle delays is much smaller than the
reciprocal of the transmit/receive filters’ bandwidth, then no additional ISI is created because
the samples of p˜(t) at the various sampling times would be nearly zero (see also Appendix A).
On the other hand, if the time difference is considerable, then residual ISI may be present after
combining and regardless of the number of antennas at the BS.
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Figure 1. Log-Log plot of normalized ISI power ρ vs number of Antennas M for MRC and EGC receivers. One thousand
WSSUS Rayleigh and Rice channels were generated.
Let us now consider the case when the receiver does not exploit the knowledge of the AoA of
multipath or ignores the underlying spatial structure of the channel. The GramianM in the post-
MRC observation has elements given by M(m,n) = hH[m]h[n]. Proving that MRC eliminates
ISI asymptotically is equivalent to proving that the Gramian becomes diagonal as the number
of BS antennas goes to infinity - or, equivalently, that the normalized off-diagonal elements
D
(M)
m,n =
gHmA
HAgn
‖h[m]‖‖h[n]‖
vanish. Following the same tedious algebra used for proving eq. (10), we
can write:
Dm,n = lim
M→∞
D(M)m,n
=


gHmgn√
(gHmgm)(gHngn)
, for m 6= n
1 , for m = n
.
(11)
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7As shown above, an infinite number of antennas is not enough to ensure orthogonality between
the instantaneous channel vectors with an MRC. However, taking the limit for P → ∞ (rich
scattering environment), then the P channel gains become i.i.d, zero mean, complex Gaussian
random variables (Rayleigh fading) thanks to the Central Limit Theorem. Finally, the numerator
of Dm,n vanishes thanks to the Law of Large numbers:
lim
P→∞
gHmgn√
(gHmgm) (g
H
ngn)
a.s.−−→ E{g
∗
i,mgi,n}
E{|gi,m|2} = 0 (12)
VI. SIMULATION RESULTS
In the previous section it was shown that, for large arrays, instantaneous channel vectors are
asymptotically orthogonal if they do not share a common angle. Furthermore, for large arrays
and rich scattering, an MRC receiver diagonalizes the Gramian leading to an ISI-free observation
after combining. In this Section, the analytical results will be verified by computer simulations
under the assumption of perfect Channel State Information (CSI) at the receiver.
The following fading channels where simulated:
1) WSSUS Rayleigh: complex Gaussian uncorrelated taps with zero mean and unitary power.
2) WSSUS Rice: complex Gaussian uncorrelated taps where the first tap has non-zero mean
µ > 0 (Line-of-Sight, LOS, component) while all other taps have zero mean and unitary
power.
3) Channels obtained with the Volcano ray-tracing tool for the cities of Hong Kong and
Shanghai [14], [15].
A simple measure of the amount of ISI in a channel is the normalized power ρ in the elements
outside the main diagonal of the channel matrix. The value of ρ will be computed via computer
simulations by randomly generating thousands of complex channel realizations of length L with
Gaussian real and imaginary components of normalized energy. The normalized energy in the
elements outside the main diagonal of the channel matrix takes the form below:
ρ =
tr(ΞHΞ)
tr(ΨHΨ)
=
( ‖Ξ‖F
‖Ψ‖F
)2
, (13)
where Ψ is a full channel matrix (M or H), Ξ = Ψ − diag{Ψ1,1, Ψ2,2, . . .} is the matrix
containing only the off-diagonal elements of Ψ, and ‖‖F denotes the Frobenius norm.
As Figure 1 confirms, the normalized ISI power decreases as the number of antennas grows
when the receiver is equipped with either an MRC or an EGC. The scaling law we observe is
November 2, 2018 DRAFT
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Figure 2. Normalized ISI power ρ vs number of Antennas M and ISI channel length L: (a) MRC and WSSUS Rayleigh; (b)
EGC and WSSUS Rice for two values of the mean value µ of the first tap. One thousand WSSUS channel realizations were
generated.
that a N-fold increase in the number of antennas yields a N-fold reduction in ISI power. The
decrease of ISI power for MRC receivers as the number of antennas grows holds regardless of
the length of the ISI channel, as shown in Figure 2.(a). This confirms the results reported in
[16], but here no equalization is employed to combat ISI at the receiver. The simulation results
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9reported in Figure 2.(b) also confirm that an EGC yields vanishing ISI as the number of antennas
grow and regardless of channel length L for a Rice channel. In this case, the receiver does not
exploit the knowledge of the AoAs of the multiple paths.
The Volcano ray tracing tool was used to generate channels based on an actual BS deployment
in the two cities of Hong Kong and Shanghai. In both cases, a 3D map of the area was used,
the carrier frequency was set to 2.1 GHz, and all BSs were equipped with the same number
of antennas (1, 16, 257, or 4096). For downtown Hong Kong, the considered area is 656 m by
1052 m covered by 57 BSs. For Shanghai, the modeled area is the Jiao Tong University campus.
The considered area has an extension of 1680 m by 2176 m, and is covered by 28 BSs.
Given a BS and a uniformly distributed random user location in the 3D map, the Volcano
tool generates the channels between the user and each antenna at the BS. The RMS-DS is
calculated after diversity combining (perfect CSI) and the RMS-DS Cumulative Distribution
Function (CDF) is obtained after collecting 100,000 values. In this case, the receiver exploits
the knowledge of the AoAs of the multiple paths.
Figure 3 shows the obtained CDFs for the MRC and EGC cases. As the number of antennas
grows, the ISI after combining decreases as predicted. We also point out that, for Hong Kong, the
probability of encountering a LOS channel is only 20% and, nevertheless, the EGC is effective
anyway in reducing the channel RMS-DS. However, the rate of decrease of the RMS-DS as
antennas grow is slower at high percentiles, especially for the EGC, thus confirming that for
an arbitrarily large but finite number of antennas there may always be some residual ISI in the
channel when only conjugate combining is performed. Similar results are obtained for the case
of Shanghai, as shown in Figure 4.
VII. CONCLUSIONS
We have shown that, for WSSUS Rayleigh/Rice faded channels, ISI decreases for increasing
receive diversity when either MRC or EGC are employed at the receiver and we have also
reported that ISI power decreases N-fold for a N-fold increase in the number of antennas at the
BS.
Both MRC and EGC receivers are coherent receivers and carrier phase for co-phasing the
signals across diversity branches is required. An MRC receiver also needs to estimate the channel
tap amplitudes on each diversity branch and this channel estimation must be performed before
November 2, 2018 DRAFT
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experiencing any reduction in ISI. On the other hand, an EGC receiver does not need to estimate
channel tap amplitudes and would experience ISI reduction before estimating the channel.
If high spectral efficiency is not the prime design objective and radiated energy-efficiency
is pursued (two design criteria suitable for mmW communications), then transmit conjugate
beamforming and receive linear combining (MRC/EGC) are very attractive and simple solutions
together with the use of single-carrier transmission schemes.
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Figure 3. CDF of the RMS-DS for Hong Kong: (a) MRC or (b) EGC.
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Figure 4. CDF of the RMS-DS for Shanghai: (a) MRC or (b) EGC.
APPENDIX A
WIDEBAND CHANNEL MODEL
A spatial physical vector model for frequency-selective channels between a single antennas
node and a Base Station equipped with M antennas (ULA case) is derived here. Starting from
the results in [17], [18], the model derived here also includes the effects of transmit/receive pulse
shaping filters which introduce correlation between the channel taps of the equivalent baseband,
low-pass filtered, and baud-rate sampled channel impulse response.
The frequency and time selective channel between a single antennas UE and the m-th BS
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hH[n]a(αBS) =
P∑
j=1
g∗j,n
(
M−1∑
m=0
ej2pi
dant
λ
m[cos(αj)−cos(αBS)]
)
=


Mgk,n , if αBS = αk∑P
j=1 gj,n
1−ej2pi
dant
λ
M[cos(αj )−cos(αBS)]
1−ej2pi
dant
λ
[cos(αj)−cos(αBS)]
, otherwise
(20)
ζ (M)n =


gk,n√√√√∑P
i=1 |gi,n|
2+ 1
M
∑P
i=1
∑P
j=1
j 6=i
g∗i,ngj,n
1−e
j2pi
dant
λ
M[cos(αi)−cos(αj )]
1−e
j2pi
dant
λ
[cos(αi)−cos(αj)]
, if αBS = αk
1
M
∑P
j=1 gj,n
1−e
j2pi
dant
λ
M[cos(αj )−cos(αBS)]
1−e
j2pi
dant
λ
[cos(αj)−cos(αBS)]√√√√∑P
i=1 |gi,n|
2+ 1
M
∑P
i=1
∑P
j=1
j 6=i
g∗i,ngj,n
1−e
j2pi
dant
λ
M[cos(αi)−cos(αj )]
1−e
j2pi
dant
λ
[cos(αi)−cos(αj)]
, otherwise
(21)
antenna can be written as follows (m=0,1,...,M − 1):
h(m)(t, τ) =
P∑
k=1
ck(t)e
−j2pim cos(αk(t))δ(τ − τk) (14)
where ck(t) time varying channel gain of the k-th path, αk(t) time varying AoA of k-th path, τk
time of arrival of k-th path, and P is number of multipath components. Using vector notation,
we can re-write (14) as:
h(t, τ) =
P∑
k=1
ck(t)δ(τ − τk)a(αk(t)) (15)
where h(t, τ) the M×1 is the vector collecting the impulse responses of all M antennas, and
vector a(αk) = [1, e−j2pi
dant
λ
cos(αk(t)), . . . , e−j2pi(M−1)
dant
λ
cos(αk(t))]T is the steering vector.
The equivalent baseband, low-pass filtered, and baud-rate sampled M×1 vector channel im-
pulse response can then be expressed as:
heq[k, n]=
∫∫
h(kTs − ξ, τ)pt(nTs − τ − ξ)pr(ξ)dτdξ, (16)
where pt(t) is the transmit pulse shaping filter, pr(t) is the receive filter, and p˜(t) = pt(t) ∗ pr(t)
is a Raised Cosine filter.
Let us now assume that the channel is time-flat at least within the transmission of a frame or
an OFDM symbol: ck(t) ≈ ck and αk(t) ≈ αk. Then, we have also that heq[k, n] ≈ heq[n] holds.
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Under this assumption, we can simplify the double integral (16) as follows (n = 0, 1, . . . , L−1):
heq[n]=
P∑
k=1
cka(αk)
∫ ∞
−∞
pt(nTS − τk − ξ)pr(ξ)dξ
=
P∑
k=1
cka(αk)p˜(t− τk)
∣∣∣
t=nTs
=
P∑
k=1
gk,na(αk), (17)
where we have posed gk,n = ckp˜(t− τk)
∣∣∣
t=nTS
.
Finally, we can write the equivalent baseband, low-pass filtered, and baud-rate sampled M×1
vector SIMO time-flat and frequency-selective fading wideband channel impulse response of
duration L (0 ≤ n ≤ L− 1):
heq[n] =
P∑
k=1
gk,na(αk) = Agn (18)
where A = [a(α1), . . . , a(αP )] and gn = [g1,n, . . . , gP,n]T . The M×P matrix A is a function of
the number of antennasM and the number of multipath components P , while the P×1 vector gn
is a function of the gain and delay of all paths, the sampling instant n, and the transmit/receive
filter cascade.
When transmit/receive filters are taken into account, the shape of p˜(t) contributes to the
observed ISI. Given P > 1, L can be smaller or greater than P and even equal to 1 (flat
fading). It depends on how many resolvable paths there are, the associated path delays τk, and
the sampling rate TS . If P = 1 or if the delays τk are all very close to τ1, then the model derived
here simplifies to a narrowband frequency-flat model such as the one reported in [19]. In this
case, we have gk,n = ck at n = 0 and gk,n = 0 at other sampling instants because p˜(t) has a
Raised Cosine characteristic.
For low values of P , the wideband model (18) holds for a scenario with little or moderate
scattering. However, for very large values of P , the model becomes equivalent to the usual
WSSUS model for rich scattering where all the entries of the M×L channel matrix H =
[h[0],h[1], . . . ,h[L− 1]] become i.i.d. zero mean, complex Gaussian random variables.
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APPENDIX B
PROOF OF EQ. (10)
We can write the norm of h[n] as:
‖ h[n] ‖2 = gHnAHAgn = M
P∑
i=1
|gi,n|2 (19)
+
P∑
i=1
P∑
j=0
j 6=i
g∗i,ngj,n
1− ej2pi dantλ M [cos(αi)−cos(αj)]
1− ej2pi dantλ [cos(αi)−cos(αj )]
while we simply have ‖ a(αBS) ‖2= aH(αBS)a(αBS) = M .
The numerator of ζ (M)n in eq. (9) can be written as in eq. (20) and the value of ζ
(M)
n is finally
given by eq. (21), both at the top of the page. If angles αi and αj in eq. (21) are always different,
then the ratio 1−e
j2piM . . .
1−ej2pi. . .
is bounded for any M . It is then immediate to recognize that taking the
limit of eq. (21) allows us to obtain eq. (10) as gk,n = ck for n = 0 because only the k-th path
is observed and p˜(t) has a Raised Cosine characteristic (see the definition of gk,n in (17)).
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